The chapter presents applications of the scaling in several problems of magnetic materials. Soft magnetic materials (SMMs) and soft magnetic composites (SMCs) are considered. Application of scaling in investigations of problems, such as power losses, losses separation, data collapse of the losses characteristics and modelling of the magnetic hysteresis, is presented. The symmetry group generated by scaling and gauge transformations enables us to introduce the classification of the hysteresis loops with respect to the equivalence classes. SMC materials require special treatment in the production process. Therefore, algorithms for optimization of the power losses are created. The algorithm for optimization processes is based on the scaling and the notion of the pseudo-equation of state. The scaling makes modelling and calculations easy; however, the data must obey the scaling. Checking procedure of statistical data to this respect is presented.
Introduction
The notion of scaling describes invariance of various phenomena and their mathematical models with respect to a change of scale. Let us take into account the simplest mathematical model revealing such behaviour:
where α and A are the constants of model. Such functions appear in mathematical modelling in physics, mathematics, biology, economics and engineering. In this section, we consider data of classical gas. By simple calculation, we will prove that these data are self-similar. Let us change the scale of the both variables x and y with respect to λ > 0 multiplier. ' ' , .
Substituting (2)- (1) we obtain:
where β and γ are scaling exponents and A′ = λ γ−αβ A is the model constant in new scale.
(1)-(3) reveal that the phenomenon described by the model (1) is self-similar. This means that the phenomenon reproduces itself on different scales. In achieving the property of self-similarity, an important role plays dimensional analysis. Its idea is very simple: physical laws cannot depend on an arbitrary choice of basic units of measurement [1] . Set of all transformations (2) and multiplication constitutes = (ℝ + , · ) group. In the next section, we will consider selfsimilar model of hysteresis loop. Extension of (2) to the two parameters group is necessary to this respect. Let us extend (1) to non-homogenous form: 
The full symmetry of (4) consists of the two transformations, λ scaling and χ gauge transformation:
where χ is additive gauge operation which constitutes additive group = ( ℝ , + ) . Therefore, the full symmetry of (5) consists of the following direct product: [2] . However, the symmetry of the hysteresis loop will occur to be semi-direct product.
In this chapter, we will consider more advanced function and then the models (1) and (4) . Therefore, we will need definition of homogenous function in general sense [3] which has played crucial role in the all achievements presented in this chapter. Let f(x 1 , x 2 , … x n ) be a function of n variables. If ∃ (α 0 , α 1 , α 2 , … α n ) ℝ n+1 such that ∀ λ ℝ + , the following relation holds:
, , , 
Then, f (x 1 , x 2 , … x n ) is homogenous function in general sense. Based on the measurement data of classical gas presented in Table 1 , we present simple application of this notion. We assume that the phenomena are represented by measurement data which satisfy certain relation called law. Let where ρ, T and p are gas density, temperature and pressure, respectively. Coefficients a, b and c are the scaling exponents. Since (7) holds for each value of λ, we are free to substitute the following expression λ = T 
where the right-hand side of (8) was approximated by linear function, A is an expansion's coefficient. In the next sections of this chapter, we will use the Maclaurin expansion beyond the linear term as a way for creation of scaling function. Equation (9) depends on the one effective exponent δ = γ-α:
where the model constants A and δ have to be determined from the experimental data of Table  1 . Using formula (10) and Table 1 we have created error function Chi J) reveals an approximation of the gas constant. Mentioned and illustrated above methodology for applications of the scaling and the gauge transformations will be applied to the following problems: self-similarity of hysteresis, self-similarity of total loss in SMM, multi-scaling of core losses in SMM, optimization of total loss in SMC and scaling conception of losses separation.
Self-similar model of hysteresis loop
The goal of the present section is to describe the self-similar mathematical model of hysteresis loop which enables us to express its self-similarity by the homogeneous function in general sense. Derivation of the model based on the well-known properties of tanh(⋅) suits for model of initial magnetization function [4] . It describes properly the saturation for both asymptotic values of the magnetic field H → ±∞, as well as and the behaviour of magnetization in the neighbourhood of origin. However, this is too rigid for scaling. We make tanh(⋅) to be a softer by making the base of the natural logarithm free parameters [5] : (11) where the bases have to satisfy the following conditions: a > 1, b > 1, c > 1, d > 1. These conditions guarantee correctness of the model; however, a little deviations from the mentioned constrains are possible.
First, we write down the model expression for initial magnetization curve:
where M 0 is magnetization corresponding to saturation expressed in tesla: 
where
. Due to the asymptotic properties of magnetization, the functions F(X, θ) and G(X, θ) have to possess the same asymptotic properties. As we have mentioned, these components get equal values for H → ±∞. However, due to the uncertainty of measured magnitudes, it is possible to accept the saturation points at X = X min and X = X max being the end points of the hysteresis loop.
Therefore, the modelling process has to ensure that the initial function satisfies the following constrain:
is dimensionless measure of uncertainty corresponding
The scaling in space of loops is performed by scaling each loop's component (13) , (14), (15) and (16) . For simplicity of further investigations, we consider simplified symmetric model, where all the bases of tanH( ) are equal:
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Let us perform scaling on (17) and (18) . Since exponents are dimensionless, the scaling on this level cannot be supported by dimension analysis. However, we are able to scale the following magnitudes a, M F (X, θ), M G (X, θ), M P (X, θ), and to prove the following theorem:
For the symmetric model (17)- (19) , the hysteresis loop is invariant with respect to scaling and gauge transformation [5] . Following definition of the homogeneous function in general sense (6), we write down the scaled form of the hysteresis loop:
where exponentials a χ and a −χ represent action of the gauge transformation. This formal trick guarantees proper order of actions: the first has to be performed scaling than after that gauge Magnetic Materials 6 transformation. According to the assumption just above (6), we are free to make the following substitution:
where . Substituting (22) leads to the following forms of (20) and (21):
where for abbreviation, we introduce n = ν α ( p − 1 ) . Introducing the following new variables: we derive (17) and (18), which proves the considered thesis. The initial magnetization curve (19) is invariant with respect to scaling and gauge transformation as well. The proof goes the same way as for (17) and (18) . Therefore, we can formulate conclusion that the presented model of hysteresis loop is self-similar. Below in Figures 2-4 , we present some examples of the hysteresis loops which may suggest how to apply the scaling and gauge transformation for modelling of hysteresis phenomena. Figure 4 presents the loop's family for large value of the scaling parameter p. Each element of this set resembles the Preisach hysteron [6, 7] .
Multi-scaling of hysteresis loop. The derived above mathematical model of the hysteresis loop is not full. There is need to extend considered model with respect to frequency, pick of induction and temperature. As we have shown the loop's model is self-similar with respect to scaling of the following magnitudes X, M 0 and θ, these are as follows: dimensionless magnetic field, amplitude of magnetization and loop's closing parameter, respectively. By introducing new independent variables, we introduce new scales and corresponding new scaling parameters [8] . We have shown in [8, 9] that it is always possible to introduce a new characteristic scale; however, one must investigate whether the considered system possesses corresponding symmetry. This can be known only from investigations of the measurement data. In the considered model, there are two places where the new variables can be implemented. These are base of the tanH() function and the loop's closing parameter θ. There are many possible combinations for configurations of the new variables in presented model which can be applied:
. 
are model constants to be calculated from the measurement data, whereas the B m pick of induction is correlated with X min and X max . Formulae (25b), (14) and (15) constitute frequency-and pick of induction-dependent loop model. [10] . Transformation formulae (25) enable us to investigate algebraic structure of all the transformations which are composed of scaling and gauge transformation. Therefore, the whole set of p and the multiplication constitute group. Moreover, ∀a > 0 and ∀ v α ≠ 0, the following expression a
Equivalence classes and partitioning
represents an infinite number of groups being isomorphic to . Gauge transformations χ ℝ and the addition constitute group. Each of revealed group possesses the own representation space. group operates in the spaces generated by X, θ and M 0 and group operates in the space spanned by X variable. The considered model of loop reveals a combination of and which operates in space generated by (X, θ) pair. Therefore, total symmetry of the considered model can be presented in the following matrix representation (26): 
Therefore, the total symmetry of the considered group has got the structure of the following semi-direct product where p
represents isomorphic mapping . Let V h be space of the all hysteresis' models represented by (14) and (15 
where ℛ means the binary relation given by (26) .
Definition:
Equivalence binary relation on a set V(h) is a relation, which is reflexive, symmetric and transitive [11] . Due to the group structure of (26a) satisfies these conditions and ℛ is equivalence relation. relation, and then there exists a group element which relates both loops means that they are equivalent. However, in the opposite case, the two loops do not belong to a common class and then they are relevantly different from the algebra point of view.
Losses scaling in soft magnetic materials
Density of the total power losses in magnetic materials under variable magnetic field is due to eddy currents generated in the material. These may be generated for various scales of dimen-sions: currents caused by Barkhausen jumps, what leads to a dependence P hys ∝ (B 1.6 f ) [11] , currents around moving domain walls P exc ∝ (Bf ) 3 2 [12] and currents in the whole material volume P clas ∝ (Bf ) 2 [11] . All of the aforementioned dependencies obey a power law, however, with a diverse value of exponents [13] . Therefore, one cannot talk about universality of the presented above formulae. However, certain universality of the power losses data of soft magnetic materials has been derived by applying the scaling. The proposed approach has been based on assumption that the density of the total power loss in soft magnetic materials was self-similar like intermittency of fully developed turbulent flow [1] . Moreover, using simple model of hysteresis loop (14), (15) and assuming semi-static conditions, we derive the following formula for the total power loss [14] :
In case of the symmetric extrema of magnetic field X min = −X max , (26b) gets the following form:
X , θ and M 0 are the hysteresis loop parameters and μ 0 is the permeability of free space.
According to (26c), the formula for P tot is monomial which is always self-similar mathematical expression. This theoretical result confirms experimental observations concerning homogeneity of P tot in soft magnetic materials.
Let us assume that the density of the total power losses is homogenous function in general sense (6) . Let P tot (f, B m ) be density of the total power losses, where f and B m are frequency and the pick of magnetic induction of flux waveform. Applying (6) for the two independent variables, we derive the most general form for P tot :
where α and β are scaling exponents and F(⋅) is an arbitrary function. These three unknown magnitudes have to be determined from experimental data. As the simplest approach to estimation of F(⋅), we have applied the Maclaurin expansion of (27):
(0). Since the total losses vanish for f = 0 or for B m = 0, the constant term of expansion (28) equals zero.
Measurement data
The measurement of density of total power losses was carried out following the IEC Standards (60404-2, 60404-6). During measurements, the shape factor of secondary voltage was equal to 1.111± per cent. Extended uncertainty of obtained measurements was equal to about 0.5%. The measurements covered the three following classes of soft magnetic materials:
• Crystalline materials;
• Amorphous alloys, Co-based and Fe-based; and
• Nanocrystalline alloy.
Density of total power losses was measured as a function of the maximum induction
at fixed values of f ≤ 400 (Hz). Samples of conventional crystalline materials were strips, whereas the remaining ones had the shape of cylinder. .
Estimation of expansion parameters (28) from measurement data
Firstly, the initial values of exponents α, β and amplitudes Γ (k) were assumed and differences between all measurement values of density of total power losses and values of density of total power losses obtained from expansion (28) were calculated. Next, the Chi 2 function was optimized. Constraint of normal distribution of error was applied. Results of optimization for exponents α, β and amplitudes Γ (k) for chosen magnetic materials are given in Table 2 . The three achievements resulting from scaling should be emphasized. The first one is a satisfactory agreement between the measurement data and the theoretical description. The second one is relation (29) , which establishes the universal linear relationship between the scaling exponents and decreases the number of free parameters. The third achievement consists in revealing the data collapse. . This effect will be demonstrated for more complicated case (see Figure 14) . Therefore, the scaling can be also applied as method for a compression of data. All examples in Figures 5-7 present the single-sample data collapses. Having data for different materials and introducing for each of them are the following dimensionless magnitudes:
(1)
,
We obtain the multi-sample data collapse (see Figure 9) . These results confirm the assumption of density of total power losses scaling. Applying these transformations to (28), we derive the dimensionless low for the density of power losses in soft magnetic materials: Figure 9 . The multi-sample data collapse for total density of power losses P tot (markers) and values obtained from the scaling theory (solid line).
An application of the multi-sample data collapse
Mostly, the data collapse is applying as a tool for the detection of self-similarity. Here, we present a new application which solves problem of comparison measurements taken in different laboratories [16] . In 1995, the leading European Laboratories busy with measurements of the electrical steel magnetic properties were trying to compare the measurement results of the power loss in electrical sheet steel under the conditions of rotating and alternating flux [17] . Taking from [17] the idea of the inter-comparison of measurement data of the energy losses in soft magnetic materials, we perform such an inter-comparison with data taken in two laboratories [16, 18] , however, under the conditions of axial and alternating flux. Self-similarity of the density power losses enables us to scale off the interference of the sample's geometry and the material type from the dependence of power losses versus the pick of induction and magnetizing frequencies. This property of SMM allows comparing different measurement sets. Successively, this fact allows introducing an absolute measure of uncertainty characterizing the given measurement set. Therefore, the way for assessing the uncertainty contributions would not interfere with the abovementioned data comparison. Formula (30) suits very well to the mentioned above phenomena and constitute background for solution of the presented problem.
For inter-comparison, we have selected two sets of power losses data. The first one belongs to Yuan [18] and consists of the following three sets of data:
The samples were thin ribbons wound into toroids. For details concerning measurement methods, we refer readers to [18] . On the basis of measured data, the parameters' values of (28) have been estimated (see Table 3 , after [18] ). *The data for S1, S2 and S3 have been kindly supplied by the authors of Yuan et al. [18] . Table 3 . Scaling exponents and coefficients of (28).
The second set contains some of our results [15, 19] 
, Γ (2) are presented in Table 3 .
Plotting P tot versus f for the all considered samples (Figure 10) , we confirm that the data collapse takes place for the selected samples. Since all the magnitudes in (31) are dimensionless and the formula for P tot is sample independent, we propose to introduce a measure of uncertainty characterizing the measurement set by the total distance of all empirical points from the scaling curve (31):
where P tot exp , P tot th are the power losses, measured and calculated from formula (31), f i is dimensionless frequency, where index i is running through the whole series of experimental data and N denotes length of the measured series. We consider the two sets of experimental data S and ℙ corresponding to different LABs. Each set consists of the three series which correspond to different samples. To create effective measure of uncertainty characterizing measurement set of the given LAB, we calculate average measure D av for the three samples belonging to either of two selected sets:
Comparisons of uncertainty measures are presented in Progress in modern technologies depends on the comprehensive knowledge of material properties under standard and non-standard conditions. However, an agreed standardized method does not exist, and the reproducibility of the different methods used in different laboratories is unknown. We are of the opinion that the reason of such situation is lacking of statistical method enabling the appropriate data's inter-comparison. In this section, we have proposed a solution of this problem. As we have shown, the data collapse supplies method that enables us to introduce universal measure of uncertainty, which compares different experimental sets even based on different measurement methods. Therefore, the introduced method also can serve as a tool to compare measurement data obtained in different laboratories. The measure (33) expresses the total uncertainty characterizing the data set for the chosen range of dimensionless frequency f . There are four contributions to D av resulting from the following: (1) uncertainty characterizing the measurement method and construction of the measurement set, (2) uncertainty of measurements of elementary magnitudes, (3) errors resulting from the approximation (28) and uncertainty of estimations of α, β, Γ (1) and Γ (2) . The derived method is universal and can be applied to investigations of any phenomenon satisfying the self-similarity conditions.
Multi-scaling of core losses in soft magnetic materials
The application of soft magnetic materials in electronic devices requires knowledge of the losses under different excitation conditions: sinusoidal and non-sinusoidal flux waveforms of different shapes, with and without DC bias. Scaling theory allows the total power losses density to be derived in the form of a general homogeneous function, which depends on the peak to peak of the magnetic inductance ΔB, frequency f, DC bias H DC and temperature T:
.
The form of this function has been generated through the Maclaurin expansion with respect to scaled frequency. The parameters of the model consist of expansion coefficients, scaling exponents, parameters of DC bias mapping, parameters of temperature factor and tuning exponents. Values of these model parameters were estimated on the basis of measured data of total power density losses. However, influence of the DC bias on the self-similarity of measurement data was very relevant. In order to apply scaling to (34), the right-hand side has to be a homogeneous function in a general sense. This assumption has to be satisfied both by the experimental data and by the mathematical model. However, according to the results given in [20] , Eq. (34) and measurement data are not uniform in the required sense when there is a DC bias. This problem has been solved by using the method invented by Van den Bossche and Valchev [21] . Their method consists in mapping of magnetic field into a pseudo-magnetization by using tanh(⋅):
Following Bossche and Valchev, we have applied series of the mappings as expansion coefficients for modelling F(⋅,⋅,⋅,⋅) function of (35):
where : ∀ λ ∈ ℝ + yields:
, we derive the most general form for P tot which satisfies above hypothesis:
where α = General formula (37) enables us to construct mathematical model which maps the fourdimensional space spanned by f, ΔB, DC bias and T into the one-dimensional P tot space. In the first step, we separate the temperature factor Θ(⋅):
Let us assume that Φ(⋅,⋅) consists of two terms which need not be independent. However, the second one is H DC dependent in contrary to the first one. For both of them, we assume the Maclaurin expansions with respect to scaled frequency f/(ΔB) α , which is very much suited for the Bertotti decomposition. Moreover, the first term should describe losses for H DC → 0, whereas the second term must vanish for this condition. The resulting expression takes the following form:
Since (39) has been created by the Maclaurin expansion, all series exponents are integers. However, it may be so that the best error's minimum is obtained for fractional values of exponents. For this purposes, we introduce tuning exponents x and y:
On the basis of some numerical test simulations, we have selected the following Padé approximant for Θ(⋅):
where θ =
δ is gauged and scaled temperature, T is measured temperature in °C, z is tuning parameter, and ψ i are Padé approximant coefficients. After all improvements of F(⋅,⋅,⋅), the final form is still homogenous function in general sense (6) .
In order to perform core loss measurements, the B-H loop measurement has been evaluated as the most suitable. This technique enables rapid measurement while retaining a good accuracy. The measurement set works in the following way: two windings are placed around the core under test. Taking into account the number of secondary winding turns and the effective core cross section, the secondary winding voltage V is integrated into the core flux density B. Next taking into account the number of primary winding turns and the effective magnetic path length of the core under test, the magnetic field strength H is calculated. Table 6 . Selected 60 records of the measurement data of SIFERRIT N87. Some comments concerning temperature change/stabilization have to be done. For details of the applied measurement method and the errors of the relevant factors, we refer to [22, 24] . The parameter values of (37)-(41) have been estimated by minimizing χ 2 of our experimental data and using the simplex method of Nelder and Mead [23] . The measurement series consists of 60 points (see Table 5 ). The standard deviation per point is equal to 15 Wm . Applying the formulae (37)-(41) and the estimated parameter values (Table 6) , we have drawn the three scatter plots given in Figures 11-13 , which compare estimated points those obtained through experimentation in the three projections, respectively. Note that in order to ensure numerical stability during the estimation process, the unit of frequency was set at 1 kHz, while other magnitudes were expressed in the SI unit system. By using these variables, the number of independent variables is reduced. Also the collapsed form of power losses characteristic is very compact and easy to implement. However, for the purpose of designing of magnetic circuits, it is necessary to have the split characteristics which describe the physical magnitude P tot versus the physical ones: T, f, H DC and ΔB. Note that formula (37) is suitable just for this task. Let us assume the characteristics family for the following values of the independent variables: T, f, H DC and T = 30°C, H DC = 7 A m , ΔB = ∈ { 0.4 − 0.7 } T, and f = ∈ {0.0 -10.0}kHz. Using (37) and applying (38)-(41) as well as Table  6 , we derive the characteristics presented in Figure 14 .
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The efficiency of scaling in solving problems concerning power losses in soft magnetic material has already been confirmed in recent papers [15, 25] . However, this paper is the first one which presents an application of scaling in modelling the temperature dependence of the core losses. The presented method is universal, which means that it works for a wide spectrum of excitations and different soft magnetic materials. Moreover, the presented model formulae (37)-(41) are not closed and can be adapted for a current problem by fitting the forms of both factors Φ and Θ. Ultimately, one must say that the degree of success achieved when applying the scaling depends on the property of the data. The data must obey the scaling. 
Optimization of power losses in soft magnetic composites
Recently, novel concept of technological parameters' optimization has been applied in soft magnetic composites (SMCs) by Ślusarek et al. [26] . This concept is based on the assumption that power losses in SMC obey the scaling law. The efficiency of this approach has been confirmed in [9] . The scaling is very useful tool due of the three reasons:
• It reduces number of independent variables f and B m to the effective one f / B m α ,
• Determines general form of losses of power characteristic in a form of homogenous function in general sense, and
• Determines general form of losses of power characteristics in a form of different dimensions.
Therefore, applying concept of the homogenous function in general sense, we apply the following expansion: 
Γ n , α and β parameters have been estimated for different values of pressure and temperature [9] . For the purpose of this paper, we take into account only one family of power losses characteristics which are presented in Figures 15 and 16 . The corresponding estimated values of the model parameters are presented in Table 7 . For all other details concerning SMC material and measurement data, we refer to [9] . Now we are ready to formulate the goals of this section. Main goal is to describe minimization of the power losses in SMC by using model density of power losses (42) and corresponding values of the model parameters. From the first row of Table 7 , we can see that dimensions of the Γ n coefficients depend on the values of α and β exponents. Therefore, the power losses characteristics presented in Figures 15 and 16 are different dimensions. So, we have to answer the following question: Are we able to relate them in the optimization process which has been described in [9, 26] ? Table 1 for Somaloy 500 [26] , T = 500°C.
In this section, we show that if the considered characteristics obey the scaling, then the binary relation between them is invariant with respect to this transformation and comparison of two magnitudes of different dimensions has mathematical meaning. Reach measurement data of power losses in Somaloy 500 have been transformed into parameters of (42) versus hardening temperature and compaction pressure ( Table 7) in [26] . Information contained in this table enables us to infer about topological structure of set of the power losses characteristics and finally to construct pseudo-state equation for SMC and derive new algorithm for the best values of technological parameters.
Scaling of binary relations. Let the power losses characteristic has the form determined by the scaling (27) . It is important to remain that α and β are defined by initial exponents a, b and c (see after formula (27) Table 1 for Somaloy 500 [26] .
Let us take into account the two characteristics and let us assume that Values of scaling exponents and coefficients of (42) versus compaction pressure and hardening temperature, a selection from [26] . Table 7 . Somaloy 500.
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Therefore, the considered binary relation is the strong inequality and corresponds to natural order presented in Figures 15 and 16 . The most important question of this research is whether (45) is invariant with respect to scaling:
Let λ > 0 be an arbitrary positive real number. Then, the scaling of (46) goes according to the following algorithm:
• Let us perform the scaling with respect to λ of all independent magnitudes and the dependent one:
;
where i = 1, 2 …4 labels the considered characteristics.
• Substituting appropriate relations of (47) to (48), we derive:
• Collecting all powers of λ on the left-hand side of (48) and taking into account (43) we derive that the resulting power has to be equal zero:
Therefore, (45) is invariant with respect to scaling. This binary relation has mathematical meaning and constitutes the total order in the set of characteristics.
Binary equivalence relations. The result derived in subsection Scaling of binary relations can be supplemented with the following binary equivalence relation. Let
be the jth point of the ith characteristic. Two points, j and k, are related if they belong to the same ith characteristic:
Theorem: R is equivalence relation. (The proof is trivial and can be done by checking out that the considered relation is reflexive, symmetric and transitive.) Therefore, R constitutes division of the positive-positive quarter of plane spanned by (50). The characteristics do not intersect each other except in the origin point which is excluded from the space. The result of this section implies that the power losses characteristics (27) and (42) 
This function must satisfy the following condition. Let us concentrate our attention at the two following points: 
It results from the derived structure of that (54) holds for each value of (53).Therefore, we have to assume the following condition of sought V(T, p). If the relation (54) holds for given values of temperature and pressure T 1 , p 1 , T 2 , p 2 , then the following relation for V(T, p) has to be satisfied: ).
Using (42), we transform (56) to the working formula for the V we measure: 
α and Γ i are coefficients dependent on T and p (see Table 7 ). The values of V (T, p) are tabulated in Table 8 . Table 8 enables us to draw pseudo-isotherm. It is presented in Figure   17 . However, in order to derive the complete pseudo-state equation, we must create a mathematical model. On the basis of Figure 17 , we start from the classical gas state equation as an initial approximation: Figure 17 . Pseudo-isotherm T = 500°C of the low-losses phase, according to data of Table 8 . for Somaloy 500 [1] .
where k B is the pseudo-Boltzmann constant.
In order to extend (58) to a realistic equation, we apply again the scaling hypothesis (27) :
In order to extend (58) to a full-state equation, we apply the Padé approximant by analogy to virial expansion derived by [27] :
, , 1
are coefficients of the Padé approximant. All parameters have to be determined from the data presented in Table 8 .
Estimation of parameters for pseudo-equation of state. At the beginning, we have to notice that the data collected in . This suggests existence of a crossover between two phases: low-losses phase and high-losses phase. We take this effect into account and we divide the data of Table  8 into two subsets corresponding to these two phases, respectively. Since the crossover consists in changing of characteristic exponents for the given universality class, it is necessary to perform estimations of the model parameters for each phase separately. Minimizations of χ ( , ) . 1 where N = 7 and N = 5 for the low-losses and high-losses phases, respectively. Tables 9 and 10 present estimated values of the model parameters for the low-losses and high-losses phases, respectively. Formula (63) represents the minimal iso-power loss curve. All points satisfying (63) are solutions of the optimization problem for technical parameters of SMC. By introducing the binary relations, we have revealed twofold. The power losses characteristics do not cross each other which makes the topology's set of these curves very useful and effectively that we can perform all calculations in the one-dimensional space spanned by the scaled frequency or here in the case of pseudo-state equation in the scaled temperature. For general knowledge concerning such a topology, we refer to the paper [28] . The obtained result is the continuous set of points satisfying (63). All solutions of these equations are equivalent for the optimization of the power losses. Therefore, the remaining degree of freedom can be used for optimizing the magnetic properties of the considered SMC.
Scaling conception of losses separation
In this section, we show how to expand losses into polynomial series. The distinction between different eddy current scales, that is a macroscale, covering the whole bulk material and a microscale covering the area of moving domain walls, introduced by Bertotti's theory, has led to the following relationship of the three terms: 
where σ is conductivity, G is the constant equal to 0.1356; S is sample cross section, whereas V 0 is a parameter dependent on flux density. In general case, (64) is not homogenous expression; therefore, this can describe the self-similarity property only for β = 1. However, the Bertotti interpretation of each term is correct . tot hys clas exc
where the presented in (65) components are hysteresis, classical and excess losses, respectively.
In this chapter, we have shown how the two-component formula for losses (28) can be transformed to dimensionless expression (30) and (31). This expression helps us to consider the data collapse. However, in the case of expansion of (27) over the square term, (31) does not apply.
Then, one can consider partial data collapses in the expansions up to necessary degree. Let us consider, for example, (42):
( ) Note that (67) is dimensionless full formula for the scaled loss. Moreover, expression f 12 (1 + f 12 ) is sample independent. The linear and square terms describe the hysteresis and the classical losses, respectively. The cubic and the fourth-order terms correspond to the excess losses. Moreover, the square and linear terms describe the partial data collapse in S 12 [29] . Using (67), one can compare losses data of different measurements projected on S 12 subspace. The analogical equations for the S 34 subspace read: Processed measurement data in the form of scaling exponents and expansion coefficients are presented in Table 11 :
Figures 19 and 20 present the completed partial collapses for the considered problem: In order to make a numerical comparison of the measurement qualities taken from different samples, one can introduce analogically to (32) the measures of uncertainty for the both spaces S 12 and S 34 . The comparisons must be done and interpreted independently for S 12 and S 34 . Qualitative analysis on the basis of Figures 19 and 20 shows that the uncertainty measure of S 34 for the sample P 4 is significantly high.
Summary
We have presented many examples of the measurements of power losses in soft magnetic materials, including composites. Moreover, working conditions were determined by multidimensional parameter space: frequency, pick of induction, DC bias and temperature. On the basis of obtained results of experimental and theoretical considerations, we confirm that the total power loss in soft magnetic materials is self-similar. This is very important for practices, since the fundamental parameter used by technologists in the processes aimed at tailoring properties of magnetic materials as well as in design and work analysis of magnetic circuits is loss density. However, there is one important detail which has to be discussed at the end. In order to determine F(⋅) in (27) , the Maclaurin expansion has been applied up to the secondorder term. Note that each two-term formula can be reduced to dimensionless form (28) . Therefore, one could conclude that the data collapse is trivial. However, this is not so because relevance of the data collapse depends on measurement data. If data transformed by (30) get place on (31), then these data satisfy the axioms of homogeneity, they are invariant with respect to scaling as well as they are self-similar. What to do if the two-term expansion (28) 
